Impairment of pelvic organ support has been described in mice with genetic modifications of the proteins involved in elastogenesis, such as lysyl oxidase-like 1 (LOXL1) and fibulin 5. During pregnancy, elastic fiber-enriched pelvic tissues are modified to allow safe delivery. In addition, the mouse pubic symphysis is remodeled in a hormone-controlled process that entails the modification of the fibrocartilage into an interpubic ligament (IpL) and the relaxation of this ligament. After first parturition, recovery occurs to ensure pelvic tissue homeostasis. Because ligaments are the main supports of the pelvic organs, this study aimed to evaluate elastogenesis in the IpL during mouse pregnancy and postpartum. Accordingly, virgin, pregnant, and postpartum C57BL/6 mice were studied using light, confocal, and transmission electron microscopy as well as Western blots and real-time PCR. Female mice exhibited the separation of the pubic bones and the formation, relaxation, and postpartum recovery of the IpL. By the time the IpL was formed, the elastic fibers had increased in profile length and diameter, and they consisted of small conglomerates of amorphous material distributed among the bundles of microfibrils. Our analyses also indicated that elastin/tropoelastin, fibrillin 1, LOXL1/Loxl1, and fibulin 5 were spatially and temporally regulated, suggesting that these molecules may contribute to the synthesis of new elastic fibers during IpL development. Overall, this work revealed that adult elastogenesis may be important to assure the elasticity of the pelvic girdle during preparation for parturition and postpartum recovery. This finding may contribute to our understanding of pathological processes involving elastogenesis in the reproductive tract.
INTRODUCTION
In the past decade, many studies focused on the reduced expression of proteins related to weakness of the birth canal and improper elastic fiber formation [1] [2] [3] . Despite the differences in anatomy, physiology, and biochemistry in the birth canal and pelvic floor between mice and humans [4] , impaired birth canal recovery at postpartum is observed in mice with genetic modifications in genes encoding proteins involved in the formation of elastic fibers [5] , such as lysyl oxidase-like 1 (LOXL1) [2, 6] , fibulin 3 [3] , and fibulin 5 [1] . These mutants provide important tools for studying the mechanisms underlying prolapse [7] because the mutant mice develop pelvic organ prolapse similar to that observed in primates, including the descent of the vagina, cervix, and bladder herniating through the pelvic floor musculature [1] [2] [3] . Because of the mechanical properties of pelvic tissue recovery during the normal postpartum period [8] , pelvic organ prolapse is associated with impaired synthesis and organization of the extracellular matrix compounds, mainly elastic fibers, which can result in abnormal and irreversible biomechanical alterations in the birth canal [9] . These studies highlight the importance of elastic fiber protein synthesis and deposition for the recovery of the birth canal at postpartum.
Elastic fibers provide elastic recoil without damage in tissues and organs of the reproductive tract that need to be both strong and extensible to function, such as the vagina [10] , uterine cervix [11] , and uterus [12, 13] . The organization of the elastic fibers involves the synthesis and deposition of molecules in a highly regulated sequence to ensure the elastic characteristics in the early stages of development [14] . Briefly, the elastic fiber formation involves the deposition of tropoelastin on fibrillin-enriched microfibrils in the pericellular space while LOXL1 catalyzes cross-links in association with fibulin 5 [2, [15] [16] [17] [18] [19] [20] . After deposition, elastic fiber production is substantially reduced, and there is little turnover because the production of new elastin ceases at maturity [14, 21] .
Among the organs that form the birth canal, the pubic symphysis is part of the musculoskeletal tissues at the margins of the birth canal [22] and functions to support the pelvic organs [23, 24] and to ensure the proper relaxation of the birth canal and a safe birth in mice [24] [25] [26] . The pubic symphysis has evolved to dissipate the forces imposed on the pelvis during gait, which results in the rapid transfer of weight from one side of the pelvis to the other with the associated forces centered on and applied to the symphysis [27] .
The stability of the pubic symphysis is altered during pregnancy in mice [28] [29] [30] [31] , in bats [32] , and modestly in humans [33] [34] [35] . In mice, first, the pubic bones separate in a process induced by hormones, particularly relaxin, that promotes the formation of the interpubic ligament from the existing fibrocartilaginous tissue, and second, this ligament relaxes before parturition [34, 36] . The formation of this extensible ligament between the two pubic bones ensures the safe passage of the offspring during parturition [28] . However, when the pubes are widely separated by the interpubic ligament, the lower abdominal muscles normally attached to the pubes are partially displaced laterally, which explains, in part, hernias in mice [37] . In humans, it is not clear how much the relaxation of the symphysis actually contributes to the mechanisms of labor and birth, but interpubic gap widening and increased mobility at the symphysis do occur in humans, although to a lesser extent [33] . In addition, some studies report cases in which the recovery is impaired and becomes pathological, causing severe pregnancy-related pelvic girdle pain [38] [39] [40] [41] [42] [43] [44] [45] , but the causes of these pathologies need to be investigated further.
Elastic fiber formation in mammals occurs during the late fetal and early neonatal periods [14, 21] as well as during pregnancy, which is a short period in adult life [13, 46, 47] . The presence of elastic fibers on the pubic symphysis was previously described in bats [32] and rats [48] , but the arrangement and the role of these fibers in ligament formation during pregnancy was not detailed. To our knowledge, only one other study observed the ultrastructure of the elastic fibers and microfibrils in the mouse pubic symphysis during pregnancy [49] . Therefore, in this study, we attempt to understand how pregnancy induces elastic fiber formation on the pubic symphysis in adult mice because this articulation does not have abundant elastic fibers before pregnancy. We analyzed virgin, pregnant, and postpartum female mice. Our findings provide morphological, biochemical, and molecular evidence that suggests that the newly forming elastic fibers may play an important role in the remodeling and recovery of the mouse pubic symphysis during normal pregnancy and the postpartum period, respectively.
MATERIALS AND METHODS

Animals
Virgin female C57BL/6/JUnib mice (3-mo old) were obtained from the Multidisciplinary Center for Biological Investigation on Laboratory Animal Science at Unicamp. Mating was encouraged by placing the young females in the same cage with breeding males overnight. Vaginal plug formation was considered to be an indicator of Day 1 of pregnancy (D1). Pubic symphyses or interpubic ligaments were obtained from the following groups: virgins in estrus (virgin, n ¼ 15) [50] , D12, D15, D18, D19, 1 day postpartum (1dpp), and 3dpp. As control tissue, mouse uterine cervix was used in 1dpp and 3dpp. The animals were anesthetized using a mixture of 100-200 mg/kg ketamine and 5-16 mg/kg xylazine chloride (Agribrands do Brasil), which was administered intraperitoneally, between 1100 and 1200 h. The distance between the pubic bones (the interpubic articulation gap) was measured using a caliper with a precision of 0.01 mm following laparotomy. The mice were euthanized by cervical dislocation, and the symphyses or ligaments were then removed and processed. As detailed below, three animals per group were used, for a total of 90 animals. The animal experiments were conducted in accordance with the Guide for the Care and Use of Laboratory Animals, issued by the National Institutes of Health (Bethesda, MD). All of the experimental protocols were approved by the Institutional Committee for Ethics in Animal Research (State University of Campinas, Protocol no. 1705-1).
Histology
The pubic symphyses and interpubic ligaments were fixed in situ with 4% paraformaldehyde in 0.1 M phosphate-buffered saline (PBS, pH 7.4) and then removed and immediately immersed in the same fixative solution for 24 h. After embedding in paraffin, transverse sections (antero-posterior direction) were cut out, deparaffinized, and then rehydrated. All the histological 5-and 7-lm thick sections were stained with Masson trichrome [51] and Weigert resorcin-fuchsin after oxidation with oxone [52] , respectively. The sections were then examined and imaged using a Nikon Eclipse E800 light microscope.
Transmission Electron Microscopy
Small samples of pubic symphyses and interpubic ligaments were fixed in 2.5% glutaraldehyde (Electron Microscope Sciences) in 0.1 M cacodylate buffer containing 0.3% tannic acid for 4 h at 48C. The tissues were postfixed with 1% osmium tetroxide in 0.1 M cacodylate buffer for 1 h. Specimens were dehydrated through a graded series of acetone and embedded in Epon (EMbed-812; Electron Microscopy Sciences). Ultrathin sections were stained with uranyl acetate and lead citrate. The sections were examined using a LEO 906 electron microscope.
Morphometric Determination of the Length and Diameter Profiles of the Elastic Fibers
For the light microscopy analysis, 7-lm semiserial sections stained with Weigert resorcin-fuchsin. Only the medial region, where both fibrocartilage (virgin and D12) and the interpubic ligament (D15, D18, D19, 1dpp, and 3dpp) are located, was photographed and enlarged to 3203 magnification. Three randomly selected fields for each semiserial section were photomicrographed, and three different sections were used for each joint. To estimate the mean apparent profile length in a vertical projection of an elastic fiber [53] , the pointcounting methodology for structure length measurement was chosen, with reference to the morphometric principles of Buffon as a standard [54] . The photomicrograph was overlaid with a grid that had an area frame corresponding to 0.12 mm 2 , where parallel lines were 28.12 lm apart (d). Thus, d was larger than the mean profile length of 30 elastic fibers (l ¼ 21.46 6 6.45 lm), directly measured over the photomicrograph. The apparent length profile was calculated by comparison to the estimated length of a so-called needle, that is, l ¼ (p/2) 3 (n/N) 3 d, according to Arherne and Dunnill [54] , where n/N ¼ the mean of the number of intersections through elastic fiber profiles per throw (N ¼ 45).
For the transmission electron microscopy analysis, the smallest diameters of elastic fibers with round or slightly elliptical cross-sections were measured directly from electron micrographs at 21 5603 with a Bausch and Lomb measuring magnifier. At least 30 measurements were made for each experimental specimen.
Immunohistochemistry and Laser Confocal Microscopy Analysis
The cellular locations of elastin, fibulin 5, and LOXL1 were determined by immunohistochemistry. Staining was performed in cryosections (10 lm) of pubic symphyses, interpubic ligaments, and uterine cervix (as positive control) frozen in n-hexane with liquid nitrogen. The sections were fixed with acetone at À208C for 3 min, and then the slides were washed in 0.1 M PBS (pH 7.4). After blocking with 1% bovine serum albumin for 30 min, the sections were incubated with a primary antibody at 48C overnight. Elastin (1:200, 25041; Novotec), fibulin 5 (1:100, SC-23062; Santa Cruz Biotechnology), and LOXL1 (1:100, SC-48720; Santa Cruz Biotechnology) were all detected using polyclonal antibodies. The incubation with the primary antibodies was followed by an incubation with fluorophore-conjugated (AlexaFluor 488 or AlexaFluor 568) secondary antibodies (1:300; Invitrogen Life Technologies). The nuclei were stained using 4 0 ,6-diamidino-2-phenylindole (SC-3598; Santa Cruz Biotechnology). The sections were mounted with VECTASHIELD Mounting Medium (Vector Labs) and were visualized with an Axioplan LSM 510 Laser Scanning Microscope (Zeiss) using 633 1.3 NA oil-immersion objectives.
Protein Extraction, SDS-PAGE, and Western Blots
To confirm the specificity of the mouse anti-fibulin 5 and anti-LOXL1 antibodies, protein extraction, SDS-PAGE, and Western blot analysis were carried out according to Drewes et al. [1] and Rosa et al. [55] . Samples of pubic symphysis, interpubic ligament, and uterine cervix were frozen in liquid nitrogen and ground manually with a mortar and pestle. The ground tissues were suspended in a basic buffer containing protease inhibitors (16 mM potassium phosphate, pH 7.8, 0.12 M NaCl, 1 mM ethylenediaminetetraacetic acid, 0.1 mM phenylmethylsulfonyl fluoride, 10 lg/ml pepstatin A, and 10 lg/ ml leupeptin) and then centrifuged at 10 000 3 g. The supernatant was then removed, and the previous homogenization step was repeated after resuspending the remaining tissue pellet in basic buffer. After the removal of the second supernatant, the remaining tissue pellet was suspended in urea buffer (6.0 M urea in above basic buffer), homogenized, and placed on a rotating rack for overnight extraction at 48C. Thereafter, the samples were centrifuged at 10 000 3 g for 30 min, and the supernatant was removed. The protein concentrations were determined using a commercial Bradford dye-binding assay (BioAgency). Samples of 50 lg of the protein homogenates were separated by SDS-PAGE and then transferred to polyvinylidene fluoride membranes (Amersham Pharmacia). The mouse anti-fibulin 5, anti-LOXL1, and anti-GAPDH antibodies were used at a dilution of 1:500 and incubated at 48C overnight. The blots were washed and incubated with horseradish peroxidase-rabbit anti-CONSONNI ET AL.
goat immunoglobulin G conjugate (ZyMax) at a dilution of 1:2000, and the antigen-antibody complexes were detected using an enhanced chemiluminescence system (SuperSignal West Pico chemiluminescent substrate; Pierce).
Real-Time PCR
Gene expression was assessed by quantitative real-time PCR on the virgin, D12, D15, D18, D19, 1dpp, and 3dpp groups. Total RNA was extracted from frozen tissues using Trizol reagent (Invitrogen Life Technologies), and cDNA was synthesized using a RevertAid H Minus First Strand cDNA Synthesis Kit (Fermentas). Both procedures were carried out according to the manufacturer's recommendations. Real-time PCR was performed using SYBR Green (Applied Biosystems) in Applied Biosystems 7300. Each gene was normalized to the expression of the housekeeping gene 36b4 [56] , officially known as ribosomal protein, large, P0 (Rplp0). The primers for tropoelastin, fibrillin 1, fibulin 5, Loxl1, and Rplp0 were purchased from Applied Biosystems (see Supplemental  Table S1 for the primer sequences, available online at www.biolreprod.org). All the primers were optimized, and dissociation curves were prepared to ensure that only one product was amplified. A total of 20 ng of cDNA was used in each reaction according to the universal cycling conditions for the SYBR Green system. The results were normalized using the CT (threshold cycle) values of the housekeeping gene Rplp0 on the same plate. To quantify and acquire the fold increase of the genes, the mathematical model 2
ÀDDCt was utilized, normalizing to the virgin group. The efficiencies of the tropoelastin, fibrillin 1, fibulin 5, and Loxl1 assays were calculated through the equation E ¼ 10
, with resulting values of 0.95, 0.95, 0.97, and 0.96, respectively. Three animals were used for each experimental time point, and all the reactions were performed in triplicate on the same plate.
Statistical Analysis
The data are presented as the mean values 6 SEM. The interpubic articulation gap and the relative gene expression were analyzed as groups using the Kruskal-Wallis test followed by the Mann-Whitney test. Statistical significance was defined as P , 0.05.
RESULTS
Tissue Remodeling in the Pregnant Mouse Pubic Symphysis: Cells and Extracellular Matrix
The histoarchitectural and biometrical aspects of the pubic symphysis in virgin mice and the interpubic ligament in pregnant and postpartum mice were compared ( Fig. 1 and Table 1 ). In virgin mice, the symphysis showed the presence of fibrocartilage between the hyaline cartilage caps that cover the pubic bones (Fig. 1A) . The fibrochondrocytes displayed a perpendicular orientation relative to the pelvic girdle, and the extracellular matrix displayed a thin collagen network, which is a typical organization pattern seen in fibrocartilaginous tissues (Fig. 1B) .
During pregnancy, the initial aspects of the pubic bone separation and the formation of the interpubic ligament in the fibrocartilage were clearly observed (Fig. 1 , C-E, and Table 1 ). At D15, the fibroblast-like cells of the interpubic ligament were 
FIG. 1. Light micrographs of transverse sections of mouse pubic symphysis (A and B) and interpubic ligament (C-F) stained with Masson trichrome. A)
The virgin mouse pubic symphysis (PS) is composed of fibrocartilage (fc) placed between thin layers of hyaline cartilage (hc) and pubic bones (pb) at both sides. B) The virgin mouse group showed the typical aspects of the hyaline cartilage (hc) and fibrocartilage (fc) in which the fibrochondrocytes were arranged into transverse rows (arrowhead) perpendicular to the major axis of the joint, (i.e., relative to the pubic bones). C) The D15 mouse group exhibited the initial formation of the interpubic ligament (IpL) in which the fibrochondrocytes change their orientation and became rearranged into longitudinal rows (arrowhead) parallel to the long axis of the IpL and collagen fibers (arrow). D) The IpL was formed by an oriented connective tissue placed between the pubic bones. E) The D18 group showed the crimp morphology of the fibers (arrow) and oriented fibroblast nucleus (arrowhead) relative to the opening of the pubic bones.
F) The 3dpp group demonstrated the rearrangement of the extracellular matrix into a fibrocartilaginous tissue with fibrochondrocyte-like cells that showed loose chromatin and evident nucleolus (arrowhead). Bars ¼ 100 lm (A and D) and 25 lm (B, C, E, and F).
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aligned parallel to the pelvic girdle, and the extracellular matrix showed wavy collagen fibers with the same orientation (Fig.  1C) . At D18, the interpubic ligament showed the relaxation that occurs before parturition (Fig. 1D ). There was a noticeable change from a densely packed arrangement to a loose arrangement of the collagen fibers, with flattened cells (fibroblast-like phenotype) disposed in parallel to the pubic girdle (Fig. 1E) . At 3dpp, the interpubic ligament displayed an extracellular matrix organization that was similar to that of the fibrocartilaginous tissues as well as islands of fibrocartilage containing rounded cells where flattened cells with a fibroblast-like phenotype had been previously observed (Fig. 1F) . During the postpartum period, the pubic bones were closer to each other than during pregnancy, with a significant reduction of the interpubic articulation gap (Table 1) .
Morphology and Morphometry of the Elastic Fibers in the Mouse Pubic Symphysis and Interpubic Ligament During Pregnancy and Postpartum
The histological preparations of virgin mouse pubic symphyses using the Weigert resorcin-fuchsin stain with previous oxidation did not detect the presence of elastic fibers in the fibrocartilaginous tissue ( Fig. 2A) . However, at D15, this selective stain revealed thin, wavy elastic fibers randomly distributed along the developing interpubic ligament (Fig. 2B) . During the relaxation at D18, thin, wavy elastic fibers were identified parallel to the major axis of the articulation (Fig. 2C) . After parturition, at 3dpp, the elastic fibers showed an irregular wavy morphology with an oblique arrangement throughout the interpubic ligament (Fig. 2D) .
In the ultrastructural analysis of the fibrocartilaginous tissue of the virgin mouse pubic symphyses, identification of microfibrils was difficult because these compounds were thin and dispersed in the extracellular matrix (Fig. 3A) . However, the interpubic ligament in pregnant and postpartum samples allowed the identification of the fibrillar and amorphous compounds of the elastic fibers, which are probably related to the elastogenesis process. During both the separation at D15 (Fig. 3B) and the relaxation at D18 (Fig. 3E) , the ultrastructure showed parallel microfibrils intermingled with elongated patches of amorphous material, in agreement with the ultrastructural pattern of elastic fibers described elsewhere. Higher magnification of the elastic fibers showed that elastin formed a continuous, solid core for the elastic fiber, with adjacent bundles of microfibrils (Fig. 3, C, D, F, and G) . After parturition, these compounds were observed along the cell surface (Fig. 3H) .
The morphometric analysis indicated that the estimated profile length and diameter of the elastic fibers had progressively and significantly increased from D12 to D15 and from D15 to D18 (Table 2) . At D18, D19, and 1dpp, there were no significant differences in the profile length and diameter of the elastic fibers, but at 3dpp, there was a significant decrease in profile length compared to 1dpp (Table  2) .
Proteins Involved in Elastic Fiber Assembly in the Mouse Pubic Symphysis and Interpubic Ligament During Pregnancy and Postpartum
Immunohistochemical staining identified the proteins involved in elastic fiber assembly in the mouse pubic symphysis and interpubic ligament as elastin, fibulin 5, and LOXL1. The punctate staining pattern of elastin was detected in the pericellular localization of fibrochondrocytes at D12 (Fig.  4A) , in the wavy, and elongated elastin-containing fibers laid
FIG. 2. Light micrographs of transverse sections from mouse pubic symphysis (A) and interpubic ligament (B-D) stained with Weigert resorcin-fuchsin with previous oxidation. A)
No specific fibers were stained in the virgin group. B) Stained fibers were randomly oriented (arrowhead) in the D15 group. C) Stained fibers observed in a wavy and oriented arrangement (arrowhead) relative to the opening of the pubic bones next to the fibroblast-like cells (asterisk) in the D18 group. D) Stained fibers had a sinuous morphology (arrowheads) along the interpubic ligament at 3dpp. Bars ¼ 10 lm.
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around the surface of fibroblast-like cells at D15 (Fig. 4B) , and in the branched fibers at the lamina propria of the uterine cervix (Fig. 4C) .
Immunohistochemical analysis for fibulin 5 showed a punctate staining pattern consistent with a subcellular distribution in the fibrochondrocytes (Fig. 4D ) and fibroblast-like cells (Fig. 4E) . Western blot analysis detected a 66-kDa protein as expected for fibulin 5, corroborating the specificity of the primary antibody (Fig. 4F) . For LOXL1, the immunohistochemistry identified a punctate staining pattern consistent with the subcellular distribution for this enzyme in both fibrochondrocytes (Fig. 4G ) and fibroblast-like cells (Fig. 4H) . Western blot analysis confirmed the specificity of this primary antibody by detecting a 32-kDa protein, as expected (Fig. 4I) . GAPDH was used as the control (Fig. 4, F and I ). Negative controls with no primary antibody were performed for all the experiments, and no staining was detected (data not shown).
Comparison of Gene Expression Levels Between Mouse Pubic Symphysis and Interpubic Ligament During Pregnancy and Postpartum
The relative levels of tropoelastin, fibrillin 1, fibulin 5, and Loxl1 mRNAs were evaluated by real-time PCR in virgin mouse pubic symphysis and interpubic tissues during pregnancy and postpartum. Overall, the results showed a progres-
FIG. 3. Electron micrographs of transverse sections from mouse pubic symphysis (A) and interpubic ligament (B-H).
A) The virgin group showed fibrochondrocytes with thin, randomly arranged collagen fibrils (col) in the pericellular space. B and E) The D15 and D18 groups, respectively, showed thin and thick collagen fibrils (col) and newly forming elastic fibers (arrowhead) next to the fibroblast-like cells. C, D, F, and G) Higher magnification showed the integration of electron-dense microfibrils (arrow) and amorphous elastin (e) in normal elastic fibers. H) The 3dpp group showed thin and thick collagen fibrils, and the elastic fibers (arrowhead) demonstrated the appearance of relatively newly forming elastic fiber in which a relatively small amount of amorphous material is surrounded by a number of microfibrils. Bars ¼ 2 lm (A, B, and H) and 1 lm (C-G). ELASTOGENESIS ON PREGNANT MOUSE PUBIC SYMPHYSIS sive increase of transcript levels when the interpubic tissues during pregnancy and postpartum were compared with the pubic symphysis in virgin mice (Fig. 5 ). For instance, at 1dpp, the interpubic tissues presented 12-fold more tropoelastin mRNAs than virgin mouse pubic symphysis (Fig. 5A) . Similarly, the fibrillin 1 relative gene expression increased significantly during the separation and relaxation of the interpubic tissues, up 10-fold in the D19 group when compared with the virgin mice (Fig. 5B) . Finally, the relative gene expression of fibulin 5 and Loxl1 also increased during pregnancy and postpartum, increasing 6-and 3-fold, respectively, at D19 compared with virgin mice (Fig. 5, C and D) .
DISCUSSION
This study identifies adult elastic fiber formation in a physiological process on mouse pubic symphysis during pregnancy and postpartum. First, microfibrils with small conglomerates of amorphous material are randomly assembled at the cell surface, and a clear up-regulation of tropoelastin and other proteins involved in elastogenesis is observed. Then, the newly forming elastic fibers appear to align with the major axis of the articulation as the gene expression hits its highest levels before parturition. During the postpartum period, the proper histoarchitecture of the elastic fibers, as well as highly regulated gene expression, may play an important role in the recovery of the articulation. On the basis of these observations, we propose a model in which elastic fibers are formed in adult tissue during pregnancy on the mouse pubic symphysis. These newly forming elastic fibers probably help confer the elasticity necessary in the period of preparation for parturition and the elastic recoil that may help the recovery via fibrocartilaginous tissue formation after a first pregnancy.
The fibrocartilaginous pubic symphysis of virgin female mice is subject to compressive forces and has little elasticity [31, 37] , which is in agreement with the lack of fibers containing elastin in the extracellular matrix. During pregnancy, the rearrangement of the tissues leads to the morphogenesis of a new ligament with a distinct cellular phenotype. This process involves the deposition of collagen fibers oriented relative to the pubic bones, which ensures the maximum extensibility of this articulation during parturition. Because of the magnitude of this phenomenon, it has been previously described as a transformation or metamorphosis of the pubic symphysis into interpubic ligament [28, 34, 37] .
FIG. 4. Laser confocal microscopy and Western blots for proteins involved in elastogenesis: elastin (A-C), fibulin 5 (D-F), and LOXL1 (G-I). A-C)
Immunohistochemistry for elastin in aggregates (white arrow) and fibers (white arrowheads) on the pubic symphysis, interpubic ligament, and uterine cervix in 1dpp (positive control), respectively. LP, lamina propria; EC, epithelium of the cervix. D and E) Immunohistochemistry for fibulin 5 (white arrow) on the pubic symphysis and interpubic ligament, respectively. F) Western blot for fibulin 5 and GAPDH. G and H) Immunohistochemistry for LOXL1 (white arrow) on the pubic symphysis and interpubic ligament, respectively. I) Western blot for LOXL1 and GAPDH. Bars ¼ 30 lm (A, B, D , E, G, and H) and 100 lm (C).
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During the separation of the pubic bones and interpubic ligament development at D15, Weigert resorcin-fuchsin staining and ultrastructural analysis demonstrate the initial appearance of newly forming, randomly distributed elastic fiber as well as a relatively small amount of amorphous material (elastin) surrounded by a number of microfibrils on the surfaces of fibroblast-like cells. A similar process has been observed during the dynamic imaging of elastic fiber formation by cells expressing tropoelastin tagged with a fluorescent timer construct in which the initial step in elastin assembly is the formation of small elastin aggregates on the cell surface [57] .
At D18, the elastic fiber is observed to be an aggregate of microfibrils clustered in a long cylinder that lies along an infolding at the cell surface. This organization may guarantee the dynamic adaptation to the biomechanic forces necessary for parturition followed by postpartum recovery. These newly forming elastic fibers probably aid in conferring the necessary elasticity to the pelvic girdle in the period of preparation for parturition and, along with other extracellular compounds, such as hyaluronic acid and proteoglycans [58] [59] [60] [61] , may help to maintain the anatomical integrity of the interpubic ligament. This articulation begins to recover and close during the postpartum period, and the morphological aspect of the obliquely arranged elastic fibers clearly indicates a role for this extracellular compound in helping to tie the pubic bones.
Morphological evidence in this study highlight the relationship between the fibroblast-like cells and the thin elastic fibers deposited in the pericellular space. These cells may be associated with elastogenesis in adult tissues driven by pregnancy. This hypothesis is supported by a previous report describing elastic fiber assembly directed by connective tissue cells [15] . As in the bat pubic symphysis [32] and the human cervix [62] , the elastic fibers may play a role in maintaining the mouse interpubic ligament integrity for a few hours postpartum because the collagen network, proteoglycans, and water are not well rearranged.
Morphometric data indicate a significant increase in the estimated length profile of the elastic fibers in the interpubic medial region, which may indicate rotation and elongation instead of simply elongation to increase alignment in the direction of loading at the same time that the reorientation resistance parameter of the reproductive tissue changes. Because within each section-slab the apparent profile length of a fiber is the sum of the projected fiber profile (vertical projection) and the transected profile at the surface of the section, an increase in the apparent profile length of a fiber results in a proportional increase in both the projected and the transected fiber profiles [53] . Similarly, the observation of an increase in the diameters of elastic fibers may indicate elastogenesis in the pregnant mouse pubic symphysis at a time when the entire reproductive tract is adapting to different , and Loxl1 (D) mRNA levels were measured by real-time PCR using mRNA extracted from the connective tissues of the interpubic articulation and normalized to 36b4 levels. A) Tropoelastin mRNA expression had a similar level in virgin and D12 animals and increased from D15 to 3dpp. ***P , 0.001 versus virgin. B) Fibrillin 1 mRNA expression increased from D15 to 3dpp. ***P , 0.001 versus virgin. C) Fibulin 5 mRNA expression increased from D18 to 1dpp. **P , 0.01 versus virgin; ***P , 0.001 versus virgin. D) Loxl1 mRNA expression was increased from D15 to 3dpp. **P , 0.01 versus virgin; ***P , 0.001 versus virgin. Mean 6 SEM.
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degrees of stress, which has been shown to occur in the uterus [13, 63] .
Elastic fiber assembly requires the coordinated expression of all the molecules that constitute the elastic fiber as well as the cross-linking enzymes. This process is inefficient in adult tissues, most often resulting in the production of elastin that either does not polymerize or does not organize into a functional three-dimensional fiber [16] . However, in this work, the cellular localization and molecular analysis show an important temporal and spatial regulation of molecules involved in elastogenesis in the interpubic ligament during pregnancy and postpartum, and these results corroborate the elastogenesis model proposed by Kielty et al. [20] . The localization of elastin, fibulin 5, and LOXL1 in cells, as revealed by immunohistochemistry, supports an important spatial relationship between cells and elastic fibers that occurs in the elastogenesis process, in agreement with our ultrastructural analysis. Additionally, our positive controls show the presence of elastin in fibers of the uterine cervix where it is believed that the organization of the elastic fibers is essential for the postpartum recovery of the connective tissue [1, 2] .
The punctate staining pattern observed in the fibrochondrocytes at D12 is similar to the immunostained cellular compartment of both articular cartilage and meniscal tissue in rabbits [64] and to the conversion to an elastogenic phenotype by fetal hyaline chondrocytes followed by alterations in the expression of elastin-related macromolecules [65] . Our results in the immunostained interpubic ligament show that some elastin particles seem to approach each other to form fibrillar aggregates that dynamically elongate, resulting in the elastic fibers. When two of these aggregates meet by chance, they become associated or connected and a larger aggregate is formed that is directed by long linear microfibrils in the extracellular space [57, 66] . Consistent with this process, the assembly of other extracellular molecules, such as fibulin 5 and LOXL1, on the interpubic ligament, show that cells convert to an elastogenic phenotype between D12 and D15 and that they play a direct role in shaping the fibers to respond to mechanical forces associated with the cellular cytoskeleton, cell movement, and global matrix deformation.
In this study, molecular analysis of virgin and D12 mice do not show significant alterations in the relative gene expression of tropoelastin, fibrillin 1, fibulin 5, and Loxl1. From D12 to D15, during the separation of the pubic bones and the formation of the interpubic ligament, the expression levels of these genes increase significantly. In the relaxation period, from D15 to D19, the increase of fibrillin 1 gene expression is higher and earlier than that observed for the other molecules. After parturition, all the genes are up-regulated compared to the virgin group, but their expression levels decrease gradually until 3dpp. Thus, the mouse pubic symphysis illustrates the temporal regulation of these molecules during the elastogenesis process in adult tissues. Similarly, in the rat uterus, elastin content reaches a maximum several days prior to parturition and then declines continuously until 5dpp [63] .
Our molecular results indicate that there is temporal regulation of fibrillin 1 and tropoelastin mRNAs in accord with the elastic fiber assembly model [20] . The microfibril has been suggested to play a morphogenetic role in determining the shape and direction of the forming elastic fiber by serving as an extracellular scaffold that binds tropoelastin monomers in preparation for cross-linking into the functional polymer [67] . Fibulin 5 gene expression is also regulated in a similar way, suggesting that this molecule may play a role in modulating the interactions between cells and microfibrils. The binding of fibulin 5 to integrins is necessary for the tethering of newly synthesized elastic fibers to surrounding cells, which induces elastic fiber assembly and maturation by organizing tropoelastin and cross-linking enzymes onto the microfibrils [7, 17, 68] .
Cells play an active and important role in forming elastic fiber by secreting elastin to sites where assembly can occur and where the concentration of elastin monomers is sufficient to facilitate alignment and crosslinking by lysyl oxidase [57] . In addition, LOXL1 is essential in ensuring elastic fiber homeostasis [2] as well as elastogenesis [69] , all of which is consistent with Loxl1 gene expression in the interpubic ligament during pregnancy and postpartum. The levels of LOXL decreases in adults and may be a factor associated with the absence of elastogenesis in adult tissues [18] . Interestingly, the mouse interpubic ligament cells from D15 to 3dpp express higher levels of Loxl1 mRNA than the virgin group.
In the mouse pubic symphysis, a better understanding of the synthesis, deposition, and remodeling of the extracellular matrix that occurs during pregnancy and postpartum is important because these processes may affect the mechanical integrity of the birth canal [2, 5, 70, 71] . Given that this articulation drastically changes during pregnancy and after parturition, the altered attachments of the pelvic floor muscles to the widely separated interpubic ligament may be one of the factors that causes pelvic organ prolapse, particularly in animal models with null mutations for proteins involved in elastogenesis, such as in the gross pelvic anatomy observed in Loxl1 À/À [5] and fibulin 3 À/À [3] models as well as in other studies. To better understand the mechanics involved, it is important to recognize the morphological differences between the pubic symphysis and interpubic ligament, for example, in the pelvic morphology of fibulin 3 À/À null mice [3] . Nevertheless, it is important to keep in mind that this period of preparation for parturition is singular and highly regulated, where elastic fiber proteins are up-regulated during late pregnancy. Therefore, when early parturition is simulated with a balloon model in the vagina [72] , the tissues that compose the birth canal are not properly prepared to receive this stimulus, and a pathological process, instead of a physiological process, may be recapitulated.
Because elastic fiber assembly in mammals occurs during late fetal and in early neonatal periods, it was necessary to show via the increase of tropoelastin, fibrillin 1, fibulin 5, and Loxl1 gene expression, ultrastructural analysis, and immunohistochemistry that elastic fiber assembly in the interpubic ligament seems to recapitulate the elastogenesis process during pregnancy in adult tissue on the mouse pubic symphysis. The formation of an elastic network can be associated with the morphogenesis, repair, or regeneration of tissues [73] . Each new arrangement of elastic fibers represents an adaptation to the forces upon the tissues [66] . In the female reproductive tract, there is a unique adaptation to synthesize and assemble new elastic fibers [13] that allows the pubic symphysis to expand and protect the birth canal during pregnancy and guarantee a safe postpartum recovery. However, many physiological and genetic factors still remain to be investigated because some alterations of elastic fiber morphology and assembly are responsible for the development of pelvic organ prolapse [74] .
Overall, the data presented in this work show a gradual differentiation of the pubic symphysis in virgin mice into a loosely organized interpubic ligament during pregnancy; determination of the morphology, morphometry, biochemistry, and relative gene expression demonstrate that, while prior to pregnancy elastic fiber is scarce, newly forming elastic fibers may play an important role in mouse pubic symphysis remodeling. The pubic symphysis appears to be capable of CONSONNI ET AL.
recovering fibrocartilaginous tissue after the first pregnancy with the support of myofibroblasts [75] , collagen crimps [59] , and newly forming elastic fibers that provide tissue recoil [76] . Thus, the physiological process that prepares pelvic structures in a relatively short time for parturition involves elastic fiber synthesis and assembly as well as the coordination of other extracellular matrix molecules during pregnancy, such as an increase in the synthesis of high molecular weight hyaluronic acid and versican as well as a decrease in the expression of ADAMTS1 protease (a disintegrin-like and metalloprotease with thrombospondin type 1 motif) in the interpubic ligament on D18 [61] . The mouse pubic symphysis model shows a physiological process in which elastic fiber assembly, remodeling, and homeostasis are associated with normal pregnancy, parturition and recovery in adult tissues. Thus, this model can be used in future studies to investigate the complex molecular mechanisms of elastic fiber formation and to understand risk factors that affect the biomechanical properties of the reproductive tract and its supportive structures, such as the pubic symphysis, thereby improving our understanding of pelvic disorders.
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